IMPORTANCE Nonalcoholic steatohepatitis (NASH) is projected to be the leading cause of liver transplantation by 2020. Advanced fibrosis (stage F3-F4) on liver biopsy independently predicts all-cause and liver-related mortality in NASH. There are no known efficacious treatments for advanced fibrosis related to NASH. Thiazolidinedione therapy has been extensively evaluated in NASH, and new randomized clinical trials (RCTs) of its efficacy have been completed.
1
There is no established treatment for NASH, which is the second leading cause of liver disease among adults awaiting liver transplant and is projected by 2020 to be the leading indication for liver transplant. 2, 3 Extensive experimental and epidemiological evidence suggests that the presence of advanced fibrosis (stage F3-F4) (ie, bridging fibrosis or cirrhosis) on liver biopsy is the only independent predictor of poor outcomes in NAFLD; overall and liver-related mortality, liver transplant, and liver-related complications are increased in advanced fibrosis but not in patients with NASH or milder fibrosis (stage F0-F2), whose prognosis is similar to that of the general population. 4, 5 Recent guidelines highlight the need to identify patients with NAFLD with advanced fibrosis to target them for more intensive monitoring for the onset of complications.
6,7
However, although reversal of advanced fibrosis has been generally associated with improved clinical outcomes in other causes of chronic liver disease, 8, 9 this stage of disease was not improved by any of the treatments evaluated to date in randomized clinical trials (RCTs) of NASH.
10,11
The thiazolidinedione antidiabetic agents have been extensively evaluated in NASH. While access to rosiglitazone maleate has been restricted by the US Food and Drug Administration, pioglitazone hydrochloride continues to be recommended in current diabetes guidelines, and novel data evaluating this drug in NASH have been recently published. 12 The results of a previous meta-analysis 10 suggested that thiazolidinedione therapy improved histological features of NASH but not advanced fibrosis. Therefore, we analyzed the evidence on thiazolidinedione therapy in NASH, focusing on their effect in advanced fibrosis.
Methods

Data Sources and Searches
The study protocol was approved by the Humanitas Gradenigo Review Board. We searched English-language and nonEnglish-language publications in MEDLINE, Ovid MEDLINE In-Process, Cochrane Library, EMBASE, clinicaltrials.gov, PubMed, and Scopus databases from database inception through August 15, 2016 . We also reviewed abstracts from annual meetings of the American Association for the Study of Liver Disease, American Gastroenterological Association, European Association for the Study of Liver, American Diabetes Association, European Association for the Study of Diabetes, and Digestive Disease Week. All included references were subjected to the same quality assessment. Search terms were nonalcoholic steatohepatitis (NASH), nonalcoholic fatty liver disease (NAFLD), fatty liver, liver fat, steatosis, liver enzymes, transaminase, alanine aminotransferase (ALT), aspartate aminotransferase (AST), γ-glutamyl transferase (GGT), severity of liver disease, fibrosis, advanced fibrosis, fibrosis stage F3, fibrosis stage F4, bridging fibrosis, cirrhosis, treatment, therapy, efficacy, trial, thiazolidinedione, rosiglitazone, pioglitazone, troglitazone, glitazone, and peroxisome proliferator-activated receptor γ agonist (PPAR-γ agonist). An example of the full electronic search strategy is included in the eMethods in the Supplement.
Study Selection
Inclusion criteria were English-language and non-English -language articles reporting RCTs enrolling participants of any sex or racial/ethnic origin with NAFLD or NASH, diagnosed on the basis of radiological or histological evidence of steatosis according to accepted criteria. 1 Relevant meta-analyses were also included if they followed the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. 13 Excluded from the meta-analysis were nonhuman studies, nonrandomized trials, letters, and case reports. Also excluded were studies enrolling fewer than 10 participants, articles not reporting outcomes of interest or primary data (editorials and review articles), and investigations using inadequate case definitions or enrolling patients with secondary steatosis (eg, drug-induced steatosis and total parenteral nutrition-induced steatosis).
Data Extraction and Quality Assessment
Data were extracted from each study by 2 of us (G.M. and M.C.) independently and in duplicate. Agreement between the 2 reviewers on study selection and quality assessment of studies was evaluated by κ statistics, and disagreement was resolved by mutual discussion. Authors were contacted to obtain further data and to verify methodological quality. Data were then extracted from each study independently and in duplicate by 2 of us (G.M. and R.G.) using a predefined protocol and a data extraction sheet. Discrepancies were resolved by mutual discussion. Methodological quality of RCTs was assessed using each item specified by the Cochrane Risk of Bias Tool (score range, 0-8) 14 (Table) . Randomized clinical trials scoring higher than 6 were arbitrarily considered as having a low risk of bias. The analysis was performed in
Key Points
Question What is the association of thiazolidinedione therapy with advanced liver fibrosis in nonalcoholic steatohepatitis?
Findings In this meta-analysis of 8 randomized clinical trials enrolling 516 patients with biopsy-proven nonalcoholic steatohepatitis, thiazolidinedione therapy was associated with reversed advanced fibrosis, improved overall fibrosis stages, and resolution of nonalcoholic steatohepatitis. Pioglitazone hydrochloride use accounted for all of the effects of thiazolidinedione therapy in nonalcoholic steatohepatitis, and these benefits were observed in patients without diabetes as well.
Meaning Pioglitazone use improves advanced fibrosis in nonalcoholic steatohepatitis, even in patients without diabetes, and may thus halt disease progression to end-stage liver disease in this patient population.
The primary outcome variable was a dichotomous improvement in advanced fibrosis (stage F3-F4) on liver biopsy, defined as a 2-point improvement in fibrosis stage from F3-F4 to F0-F2 on the NASH Clinical Research Network Scale. An improvement in advanced fibrosis was defined in the following 2 ways: (1) the number of individuals among all patients with NASH included in the RCT whose fibrosis stage had changed from F3-F4 to F0-F2 at the end of treatment and (2) the number of individuals among patients with NASH with advanced fibrosis (stage F3-F4) at baseline whose fibrosis stage had changed from F3-F4 to F0-F2 at the end of treatment. Secondary dichotomous outcome variables were at least a 1-point improvement in fibrosis of any stage on the NASH Clinical Research Network Scale in patients with NASH and NASH resolution, with fibrosis stage and NASH defined according to current guidelines. 1 We also evaluated adverse effects of thiazolidinedione therapy, including weight gain, lower limb edema, congestive heart failure, bone fractures, cancer, and anemia. Dichotomous variables are presented as odds ratios (ORs) with 95% CIs, and continuous variables are presented as weighted mean differences with 95% CIs. We conservatively used randomeffects models, with significance set at P = .05. Statistical heterogeneity was assessed with the I 2 statistic. Using I 2 of 50% or higher, we planned to explore individual study characteristics and those of subgroups in the main body of evidence. Sensitivity analysis was performed by removing 1 study at a time and repeating the meta-analysis to assess whether any single study substantially affected pooled estimates. In addition, we planned a priori subgroup analysis according to the following criteria: RCTs evaluating rosiglitazone use vs RCTs evaluating pioglitazone use, RCTs enrolling exclusively patients without diabetes vs RCTs also enrolling patients with diabetes, and treatment duration of 1 year or less vs longer than 1 year and different dosages, as well as for each item of the Cochrane Risk of Bias Tool.
When at least 8 comparisons were available, the effect of age, changes in insulin resistance (as estimated by the homeostasis model of insulin resistance index), and treatment duration on assessed outcomes was evaluated by meta-regression analysis (using random-effects models, with within-study variance estimated with the unrestricted maximum likelihood method). Publication bias was examined using funnel plots and the Egger test.
Management of Missing Data
Missing data were managed by contacting the corresponding authors of the RCTs. If this contact was unsuccessful, missing histological scores were calculated from the raw numbers given in tables or estimated from bar charts. For missing SDs of the mean change in scores and where the P value was provided for a comparison between treated and control groups, the SD was calculated by converting the P value to a t statistic with appropriate df and then calculating SEs and SDs. If neither the SD nor the P values were supplied, imputation of an SD from studies with similar measurement methods, trial duration, and measurement error was used if available, tested in a sensitivity analysis, and reported if the estimate differed meaningfully from previous estimates.
Results
The agreement between reviewers was good to excellent. The κ statistics were 0.88 for study selection and 0.92 for quality assessment.
A flow diagram of study selection is shown in Figure 1 . We identified 8 RCTs (5 evaluating pioglitazone use and 3 evaluating rosiglitazone use, with posttreatment histological features of the liver) enrolling 516 patients. Trial durations were 6 to 24 months, with daily dosages ranging from 4 to 8 mg for rosiglitazone maleate and from 30 to 45 mg for pioglitazone hydrochloride (Table) .
12, [15] [16] [17] [18] [19] [20] [21] For the included RCTs, the histopathological scoring system proposed by the NASH Clinical Research Network was used to score the severity of histological features of the liver, as recommended by current guidelines. 1, 6, 7 Fibrosis was assessed by Masson trichrome stain, and the pathologist intraobserver and interobserver agreement for fibrosis staging was good to excellent (κ statistic, ≥0.82).
The agreement between reviewers for quality assessment was good (κ statistic, 0.84). Overall, 6 RCTs had a low risk of bias in key domains, while 2 RCTs (both evaluating rosiglitazone use) demonstrated a higher risk of bias because of unclear blinding and randomization concealment. 19, 20 Pooled results of RCTs showed that thiazolidinedione therapy was associated with improved advanced fibrosis ( Figure 2 ). The effect size was significant when considering all patients with NASH ( Figure 2A ) and only patients with NASH with advanced fibrosis at baseline ( Figure 2B ). In addition, thiazolidinedione therapy was associated with improved fibrosis of any stage and induced NASH resolution (Figure 3) . Statistical heterogeneity was low for all evaluated outcomes, suggesting a consistent effect size across studies.
After the analysis to RCTs enrolling exclusively to patients without diabetes was restricted, pooled ORs remained similar in magnitude and direction to the overall effect. Among the 4 studies, thiazolidinedione therapy was associated with improvement in advanced fibrosis (OR, 2.95; 95% CI, 1.04-10.90; P = .02; I 2 = 0%), improvement in fibrosis of any stage (OR, 1.76; 95% CI, 1.02-3.03; P =. 0 2 ; I 2 = 0%), and NASH resolution (OR, 3.40; 95% CI, 1.95-5.93; P < .001; I 2 = 0%).
Trial duration, dosage, and exclusion of the 2 RCTs 16,18 with a high risk of bias (both evaluating rosiglitazone use) did not affect the magnitude and direction of the overall effect. Metaregression analysis found no association between assessed outcomes and age, homeostasis model of insulin resistance index, and treatment duration. The separate analyses of rosiglitazone and pioglitazone demonstrated that the observed effects of thiazolidinedione therapy were accounted for by pioglitazone use. Rosiglitazone use did not reach statistical significance for any histological outcome (Figure 2) .
The Egger test and funnel plot analysis found no strong evidence for publication bias. These results are shown in eFigure 1 in the Supplement.
Thiazolidinedione therapy was associated with a mean 2.7% weight gain compared with controls (eFigure 2 in the Supplement). It was also associated with a higher OR for lower limb edema (2.36; 95% CI, 1.15-4.84; P = .02; I 2 = 0%) (6 studies), without any significant difference in agents, RCTs, or trial duration.
Reporting of other adverse events was variable. Recognized adverse effects, such as congestive heart failure, were reported in fewer than half of the RCTs. 
Discussion
In this meta-analysis of 8 RCTs of thiazolidinedione therapy, we found that treatment for up to 24 months was associated with improved advanced fibrosis and fibrosis of any stage and NASH resolution. These effects were mainly accounted for by pioglitazone use. Benefits were also observed in patients with NASH without diabetes. Aside from weight gain and lower limb edema, no major adverse events were reported during the trial durations, with recognizable power limitations of our analysis because of the few included RCTs. Heterogeneity: τ 2 = 0.00; χ 2 2 = 2.43; P = .66; I 2 = 0% Overall effect: z = 3.55; P <.001 Nonalcoholic steatohepatitis is becoming a major public health issue and is a leading cause of liver transplant. 2, 3, 6, 7, 22 Among the clinical and histological features of NAFLD, the severity of liver fibrosis has been mechanistically and epidemiologically linked to increased overall and liver-related mortality and liver-related complications. Specifically, advanced fibrosis (stage F3-F4) (ie, bridging fibrosis or cirrhosis) on liver biopsy is the strongest independent predictor of poor outcomes in NAFLD and NASH and has been recognized in recent guidelines as the main diagnostic and therapeutic target to halt NASH progression to end-stage liver disease, change the natural history of the disease, and improve long-term prognosis of patients with NASH. [4] [5] [6] [7] 23, 24 Unfortunately, none of the pharmacological agents evaluated in prior phase 1, 2, and 3 randomized trials showed improvement of advanced fibrosis in patients with NASH.
10,11
We found that thiazolidinedione therapy (specifically pioglitazone use) for up to 24 months was associated with a These benefits were also observed in patients without diabetes, which may prompt the extension of approved indications for pioglitazone use.
It is unclear why pioglitazone use (and not rosiglitazone use) accounted for all of the benefits observed with thiazolidinedione therapy in our analysis, indicating that this observation may not be a class effect of these drugs. Possible differences can be explained by the differential effects of pioglitazone and rosiglitazone on inflammation and fibrosis mechanisms, such as through up-regulation of adiponectin, activation of adenosine monophosphate-activated protein kinase, and induction of hepatic stellate cell senescence. 25, 26 The benefits of pioglitazone use should be weighed against its adverse effects, which in our analysis were limited to weight gain and lower limb edema. The short trial durations (≤24 months) and few included RCTs may have limited the power of our analysis to detect more serious adverse effects of thiazolidinedione therapy. Therefore, careful tailoring of individual risk-benefit profiles will be essential to limit exposure to adverse effects of pioglitazone use. The restriction of pioglitazone use to those patients with advanced liver fibrosis and a higher risk of liver-related death seems plausible. Two patients with NASH with advanced fibrosis would be needed to take pioglitazone to improve advanced fibrosis in 1 patient (number needed to treat, 1.9).
Limiting the duration of pioglitazone use may also reduce exposure to adverse effects. Within this context, 2 trials 12,27 suggest that the use of thiazolidinedione therapy beyond 18 months does not offer significant additional histological benefit. Finally, a key issue after pioglitazone discontinuation is the prevention of liver disease recurrence. Other study 28 results suggest that the durability of histological response obtained with thiazolidinedione therapy depends on the achievement of sustained lifestyle changes, particularly increased physical activity.
Limitations
Limitations of our meta-analysis, which are inherent to the nature of the included studies, need to be mentioned. Included RCTs had small sample sizes and evaluated the effect of thiazolidinedione therapy on histological features of the liver rather than on clinical outcomes. However, as acknowledged by consensus of the American Association for the Study of Liver Diseases and the US Food and Drug Administration, 29 because of the slow progressive nature of NASH it is impractical and unfeasible to perform larger studies of long duration to identify treatment-related clinical benefits, and histological features of the liver offer the best surrogate measure of the risk of liverrelated complications. Among all histological features of NAFLD, advanced liver fibrosis has been mechanistically and epidemiologically linked to an increased risk of adverse liverrelated complications in NAFLD, and reversal of advanced fibrosis portends an improved prognosis in diverse causes of chronic liver disease.
8,9,11
Conclusions Recent guidelines recommend identification of patients with NAFLD with advanced fibrosis to target them for more intensive monitoring of the onset of complications but acknowledge the lack of therapeutic options that effectively reverse advanced stages of liver disease. 1, 6, 7 The new finding in this meta-analysis is that treatment with the antidiabetic drug pioglitazone reverses the more advanced stages of liver disease in NASH regardless of the presence of diabetes, which provides a rationale for evaluating the effect of this drug on clinical outcomes in this subgroup of patients at higher risk of liverrelated complications. 
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